Abstract-When developing spaceflight hardware, an engineering team is faced with a broad range of materials selections for design trade studies. Typical trade studies hone in on materials selection with thermal or mechanical environmental requirements as design selection drivers. With the growing interest in spaceflight hardware development for life-detection and restricted sample return missions, materials selection processes during the design phase will need to factor in the impact that materials selection will have on the growth of terrestrial microbes in the pre-and post-launch environment. From a planetary protection point of view, during the design and pre-fabrication processes, materials choices (composition, termination, finish) can result in surfaces that have the potential to support, sustain, or senesce microbes. We evaluate known surface properties of common spaceflight materials choices in the context of planetary protection considerations for future sample return and life-detection missions.
INTRODUCTION
In the spaceflight hardware development environment, the realm of biology is often left to the scientists, with little overlap with day-to-day engineering implications. When that overlap does occur, for the sake of compliance with NASA and external requirements for Planetary Protection (NPR 8020.12), a culture collision is often observed-the predictive nature of engineering does not always mesh well with the non-linear and organic realm of biology.
The biological structures that concern Planetary Protection cannot be readily modeled by conventional physics and engineering modeling approaches. A microbe is not a rigid spherical particle, it is a living entity that has genetically triggered signaling promoting growth, reproduction, senescence, and death. By virtue of being alive, it can increase its mass by growing or reproducing or somewhat decrease its mass (or ability to increase mass) temporarily by senescence/dormancy or permanently in death. The triggers for those genetic signals are not well-understood to the level to promote predictability for cycles of growth, death or senescence, whether on Earth or in an extreme environment that may be encountered on a planetary mission.
The living nature of an organism lacks the comfortable predictive option that a block of aluminum would have. A block of aluminum has no genetic triggers and its mass and volume are visibly and comfortably well-within the control of the designer. Microbes, the denizens of microbiology, can change mass and volume and elude our immediate human vision while doing so.
This article intends to be a light-hearted introduction to microbiology, with the application of planetary protection and materials selection for spaceflight hardware. The article focuses on for engineers and scientists looking to better understand how to tailor their materials selection process and provides a practical introduction to the day-to-day design and implementation concerns during materials selection that may be encountered during a spaceflight project that contains planetary protection requirements.
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TERMINOLOGY
Many engineers and scientists working on spaceflight hardware use biology terms interchangeably, so it's worth taking a moment to define them, as they are substantially different to a microbiologist or local planetary protection team member on a flight project: This organism could be a bacterium, some fungi and algae and some other categories of critters (archaea and protozoa, we'll get to them in a moment). A microbe is synonymous with a microorganism.
Bacteria are one kind of microorganism, Fungi, another kind.
The temptation to call micron-sized microbes "particles" is likely a strong one for the non-biologically inclined, as it simplifies biology down to a system of particles with variable size scales. This approach hearkens back to the 19 th century, pre-germ theory, wherein microscopic living organisms were hypothesized as particles, subject to the whims of winds, unable to move on their own, grow or die. Just as biology has advanced by two centuries worth of understanding, the interaction of living organisms on spacecraft surfaces must be seen and modeled as more than static micron-sized particles.
Living microorganisms have a structure, a cell that holds them together. If the environment is not right for growth and reproduction, many microorganisms go dormant and exist as spores (bacterial, fungal, etc.).
Spores are structurally different from living cells, since spore structures are designed to protect the internal contents of a viable microorganism from unfavorable conditions until favorable conditions appear and signal a release out of dormancy. Until then, they lie dormant with an exterior coating that is suitable for protecting them until the environmental conditions are right, which in some cases has been observed to be thousands of years [1] . In the majority of instances, spore coatings have been found to be adaptive to the local environment. The impressive and varied mechanisms for adaptation is an area of ongoing study.
Viruses are different from bacteria and other microorganisms. Here's the difference: bacteria can live with or without a host, viruses need a host. Viruses are devoid of reproductive machinery, they can't reproduce on their own and so, they need a host.
A simplified Tree of Life is composed of: Bacteria Eukarya (fungi, plans, slime molds and other critters) Archaea
Notice that viruses aren't on that tree. They're a subset unto themselves. Because they are so simple, many biologists consider viruses a potentially very hardy species that could survive. We won't be talking about viruses in this article, since NASA requirements don't currently require census taking of these critters. From a biological point of view, we note that the majority of spaceflight microbiologists and astrobiologists agree that viruses are among the hardier critters out there and have been speculatively proposed as sources of cross-fertilization between planetary bodies [2] .
From our practical standpoint, we'll consider bacterial cells, bacterial and fungal spores, and lichens, since these populations are part of the NASA census (assay) requirement.
On that tree are extremophiles, organisms that could be Continuing through the list of terms at the start of this section, we come upon a term that represents a collective of cells, known as a biofilm. Biofilms arise from the actions of bacteria that encounter a substrate surface to condition the local environment for better cell adhesion. Mobile or freefloating bacteria, known as planktonic bacteria, may end up in a circumstance where they stop moving, becoming sessile, and attach to a surface. As they aggregate and multiply on a surface (along with other biological "mortar"), they change metabolically, often exerting and requiring less energy. This poorly-understood state of collective existence often imparts resistance to cleaning, sterilization and antibiotics, as seen in the marine (for example, biofouling on ships), medical, and dental industries (for example, films on teeth and medical devices such as catheters and stents) [3] [4] .
From this section on terminology, it's clear that biology is a completely different realm when it comes to predictability and organization. It's not a science that lends itself well to the linear order of engineering or to common rule sets.
TAKING A CENSUS
Planetary Protection requirements are set by NASA based on destination and mission game plan. You can find more information at planetaryprotection.nasa.gov. Requirements limiting microbial burden are met by planetary protection engineers cleaning spacecraft surfaces and taking censuses of spore populations. Those censuses are known as assays.
Much like going to the doctor, where your throat might be swabbed for strep and that swab would be cultured, planetary protection microbiologists conduct this level of effort, but not on your throat. They swab spaceflight hardware and culture it. The culture gives the planetary protection microbiologist an estimate of the cleanliness of a spacecraft surface much like taking a subsample-based survey of a community. The planetary protection engineering lead for a project is able to discern the number and, when needed, "demographics" of the area that has been sampled [5] . Spores are assayed for and counted since they represent the hardiest of the lot, able to survive the challenges of the space environment.
In any neighborhood, human or microbial, a population count depends on when it is conducted, how it is conducted, and who you're able to talk to when you conduct the census.
A town that has experienced a natural disaster may have a low population, though your census won't tell you the number of houses that were there before the disaster hit or how many were left. The census just tells you who was there for two different points in time-not the mechanisms associated with the population change. Of course, if you have census data from before the natural disaster, you can figure out the population change and get a sense of the magnitude of the natural disaster. The equivalent statement for microbes is that we can't tell who survived cleaning a surface, unless we sampled before we cleaned. We do know from practical experience [6] that different choices for housing (for example, size or structure composition) lead to housing different numbers of inhabitants (studio apartments vs. mansions) and survivability of houses under natural disasters (for example, straw vs. brick). The same goes for microorganisms adhering to spacecraft hardware materials.
In this paper, we review the literature for kinds of relationships between microbial populations, spaceflight hardware materials choices and surface finishes (the cracks and crevices in which they can grow or be dormant). In the case of such minuscule organisms living in such tiny houses, their "natural disasters" are generated during the cleaning processes employed and how effective they are in removing (adhesion-based) or sterilizing (chemically-based) a surface.
MOVING INTO A NEIGHBORHOOD: ADHESION AND PLANETARY PROTECTION
The actual mechanism for microbial adhesion is multifaceted.
Microorganisms can move into a neighborhood by several different transport mechanisms, including: fluid flow (along the path of the local streams), sedimentation (progressively settling down), chemotaxis (sniffing your way in) and Brownian motion (randomly stumbling in). Once there, they set down their own version of roots and adhere. How they adhere depends on three main factors: the substrate, the surrounding fluid, and the microorganism itself.
In this paper, we focus on the substrate as it relates to the microorganism, with some references to the surrounding fluid. Physical properties of the substrate, such as surface finish, surface roughness, grade/chemical composition interact with properties of the microorganism, such as contact time with the surface, presence of cell appendages, surface charge, surface hydrophobicity, and metabolism. How this interaction and potential for adhesion happens is mediated by properties of the surrounding fluid, including its pH, ionic composition and temperature.
The concern for planetary protection is the inability to either remove or sterilize microbes that have entered into the irreversible stage of adhesion, particularly for missions that have environments that would facilitate access to nutrients for cells to grow and divide (this includes surface features that may contain residual soils or organic matter as a result of ineffective cleaning or recontamination). When selecting materials, an engineer must learn that represents choices that may lead to suitable niche environments for microbes.
The majority of the literature discusses cells versus spores. While reading this review, keep in mind that what you'll be reading represents a much lower bound in terms of what is known for adhesion rate and resistance to cleaning and heat reduction, since we're primarily discussing cell results instead of spores. This is because in general, spores attach to a surface at greater rates than vegetative cells [7] , [8] , [9] . Once attached, spores show a greater resistance to environmental attack (heat, UV, etc.) than their vegetative counterparts. [10] .
In addition, there is currently limited research on some of the more robust critters that are known to survive the harsh conditions of the spaceflight build, launch and land experience. The majority of the studies focus on Bacillus subtilis spores [11] , [12] . The reader should keep in mind that this paper addresses those critters when information is available and addresses what is currently known about the behavior of microorganisms as studied outside of this realm for a broad variety of microorganisms.
What makes a given surface an attractive home is the focus of the rest of this paper. Much like people finding their own residences, there is a great deal of variation that any engineer must be willing to accept in which microorganisms choose to live where and the mechanism behind this [13] "choice." For example, even within a single bacterial strain there can be substantial variation in adhesion mechanisms.
SIZE MATTERS: EFFECTS OF FEATURE SIZE SCALE ON MICROBIAL ADHESION
Over the past 10 years, biologists have taken advantage of advances in micro and nanofabrication to conduct a range of controlled studies to isolate the effects of size and geometry on adhesion. These studies use microfabricated valleys and pillars of variable depth and height, respectively. Microorganisms that are larger or smaller than the microfabricated structures are placed in the array and observed. For a wide range of microorganisms (from bacteria to alga) and for a wide range of geometries and depths, results show that size matters: the relative dimensions of the substrate features and the microorganism set the stage for adhesion.
If a cell can fit into a groove or crevice on a surface, it is more likely to stick to a surface in comparison to a cell that is larger than a given surface feature [14] . If the size scale similar to or smaller than the dimensions of a given microbe, studies on engineered structures indicate that for regular features, microbes will not fit and are unlikely to survive [15] , [16] , [17] . For example, S. Aureus and E. Coli show reduced growth when periodic spacings of engineered pillars are reduced to less than 0.8 μm [18] , [19] . Listeria innocua, and Pseudomonas fluorescens. An average S. aureus, which is spherical, is about 0.6 μm. An average E. coli, which is rod shaped, is 0.5 μm wide by 2 μm long.
A common rule of thumb in the food industry is that surfaces with an average roughness (R a ) of ≤ 0.8 μm are deemed "hygienic," [20] as they are unable to sustain growth of surface microbes. Knowing this, selection of appropriate surface finishes for hardware that is critical to planetary protection (e.g. sample tubes or sample containers) may ease some of the risk associated in design and shorten testing timescales during the early phases of a project when different design trades are conducted.
In general, surface reactivity increases as roughness increases, based on surface area available for binding [21] . If that surface area is comparable to the size scale of a rigid cell or the associated binding regions of a cell, there is an increased chance of binding and a likelihood of increased retention time on a surface [22] .
SQUARE PEG, ROUND HOLE: EFFECTS OF GEOMETRY ON MICROBIAL ADHESION
In addition to size mattering, controlled studies on microfabricated structures also show that the old notion of not putting a square peg into a round hole goes out the door for some microorganisms. So, geometry matters, but only sometimes. Cross-sectional geometries of valleys and grooves and their orientations affect the binding potential, though in many cases the microorganism is able to deform and fit into a groove of a given geometry if the size scale of the substrate is appropriate to the size of the microorganism.
When designing hardware, we often concern ourselves with the topographical and topological variations (for example, joints, dead ends, and surface finishes) as they relate to mechanical, physical and chemical properties in the relevant spaceflight environment. To a microorganism, these geometric variations can be appealing real estate in the same way that the average human house hunter may be drawn in by the high ceilings of a foyer or living room. The difference from a human house hunter is that microbes are willing and able to reconfigure themselves, moving cytoplasmic contents to align with microscale and nanoscale surface features so as to maximize contact area. In addition, since not all microbes are spherical, they can rearrange themselves horizontally or vertically, relative to the aspect ratio of the features on a given surface. While we humans could hunch over and live our lives in a house with very low ceilings, the authors suspect that this would not make for as happy a home as it does for a microbe.
Some examples: P. fluorescens was observed to align itself lengthwise in 0.9 μm wide channels structured into gold films, in order to accommodate its width relative to the structured channel width [23] . P. fluorescens is a rodshaped bacteria with dimensions of 0.5 -1.0 μm x 1.5 -5.0 μm and selectively oriented itself in order to fit as compared to laying over two neighboring channels. P. aeruginosa, also a rod-like bacteria in the same family as P. fluorescens and the same range of dimensions (the "P" here is for Pseudomonas) was observed to position itself depending on the dimensions and aspect ratios of engineered nanoposts. If the posts were placed far enough apart to fit the cells, they would align horizontally. If the spacing between the nanoposts was smaller than the diameter of the cells, they aligned vertically, parallel to the posts [24] . There are countless other examples in the literature of alignment of a wide range of microoorganisms over a wide range of materials and both engineered and unengineered surfaces.
At a larger scale of concern for geometric design effects for planetary protection missions. Any nook, cranny or dead end (for example, blind ends of tubes, threads of screws, valve seats)are prime real estate locations for microbial accumulation. These features often have limited access for cleaning or polishing to reduce surface finish or scratches.
For similar reasons, maintenance of cleanliness can be difficult and accumulation of bioburden is more likely.
HOUSE OF STRAW OR BRICK? COMMON SPACEFLIGHT MATERIALS
We now know that size matters and sometimes geometry does too. What about composition? In the materials selection process, we often sweat the details of a particular material composition as it relates to radiation, thermal, humidity, launch loads, etc., though to be honest, most spaceflight missions really aren't used to worrying about materials composition as it relates to planetary protection. Below we provide a summary of common materials that we use in our missions, pointing out both size and composition relationships to adhesion of microorganisms.
A. Non-Metals
Given the surface hardness and the lack of porosity of most metals vs. non-metals, for the most part, metals are a more desirable materials class for designing with planetary protection in mind vs. non-metals. This is especially true when polymers, natural materials, glass and wood are considered. There are some ceramic materials and nonmetals that have natural antimicrobial properties to them, particularly in the presence of ultraviolet light exposure, though their investigation for use as antimicrobial surfaces for spaceflight hardware has been limited.
In the early days of planetary protection, long-duration survival studies were conducted on metals and non-metals. For non-metals such as cotton, glass, wood and paper, Shigella sonnei showed that it had the longest survival time at -20 o C, shortest at 45 o C. [25] Serratia marcenses is at the other end of the moisture spectrum and needs either a great deal of water to survive or can go dormant in the face of no humidity and survive. You may know it as the pink stuff that might be growing in the grout in your shower. Microfabricated polydimethylsiloxane (PMDS) pillars, 10-μm tall and ordered laterally square patterns with a range between 2-100 μm range and periodicity between 5-20 μm showed preferential adherence and biofilm formation in the valleys between the pillars.
Teflon is characterized by its hydrophobicity, giving rise to its non-stick pan application. For this reason, it might seem like a good idea to use Teflon for planetary protection applications. In the bacterial world, it has been seen that Teflon has been able to host microoorganisms that preferentially modify their surface energies in order to adhere and populate the Teflon surface. Strains that have survived on Teflon surfaces have been shown to be more hydrophobic than their non-Teflon adhered counterparts, demonstrating the adaptation to Teflon's hydrophobicity [26] , [27] .
Common spaceflight plastics, including Ultem, G-10 and Vespel are ripe areas for research. In general, the development processes of most resin-based systems involve a curing step that occurs at temperatures that exceed planetary protection dry heat sterilization processes. The risk comes in the post-cure handling of the material-from the time it is made to its delivery from the manufacturer to a group building the hardware. There is potential to adapt some of the work that is known from health care applications of Ultem for cleanability, to explore options for applicability of antimicrobial-impregnated plastics, and other options, though these would require examination of hardy organisms over a relevant environment (thermal, mechanical, radiation), akin to the qualification process for new spaceflight hardware. This is a ripe area for future planetary protection research.
B. Metals
Adhesion and survival of microbes on metal surfaces is well-studied for a range of bacteria, archaea, eukaryota and viruses [28] , [29] . A wide-range of bacteria is able to survive for weeks on end on metal surfaces in conditions that are impressive and may not be vulnerable until the right host appears. For example: Pasteurella [Francisella] tularensis is able to survive for more than two weeks at elevated temperatures with no detectable humidity. Pasteurella is common to cat and dog nasal and oral mucosa and while non-pathogenic to them, it causes infections in humans when bit by a dog or cat.
Stainless Steel-Stainless steels (SS) are among the most commonly used material in the production of spaceflight hardware. Stainless steel is "stainless" as rust (iron oxides) do not form as ready, unlike with carbon steel. This is because of the presence of varying percentages of chromium, with a minimum of 13% Cr needed to prevent rust. In the presence of oxygen, chromium generates a passivation layer of various chromium oxides on the surface, which is why, at a minimum 13% is added. Additional elements such as aluminum, copper, molybdenum, nickel, niobium, nitrogen, sulfur, selenium, silicon, tantalum and titanium can be alloyed with stainless steel in order to give rise to different properties.
There is a system for alloy standardization system that reflects compositional and structural variations [30] . The 200 and 300 series are austentitic and the 400 series are ferritic and martensitic.
The selection of different grades of stainless steel can lead to different adhesion behaviors of microorganisms based on different surface chemistries. In addition, as we will see in a later section, microorganisms can actually metabolize the surfaces of stainless steel, leading to microbially-induced corrosion.
In medicine, spaceflight, and the food industry, grades 302, 304, and 316 are the most commonly used. Both 304 and 316 can be produced with reduced carbon levels, so they are referred to as the L-series (304L and 316L). 316 is different from 304, as it contains molybdenum, which is added for corrosion resistance. All three grades have Fe, Cr, and oxygen at the surface, In addition to standardizing by composition, stainless steel has a system for standardization of finishes. They are divided into two main classes: polished and unpolished, with subdivisions based on unique processing methods. In general:
Unpolished Finishes: 1, 2, 2B, 2BA, 2D, 2G, 2R, 2J Polished Finishes:
3,4,6,7,8
Different finishes lead to different geometries and feature size scales that have potential to house organisms. One variable does not explain the entire process, so while there are plenty of studies in the literature that correlate increased surface roughness to increased populations of microorganisms or elevated rates of biofilm generation, [32] the finish is not simply a physical property, it also has chemical consequences.
For the most common finish, 2B, the untreated surface is composed of flattened metal grains, with only partially sealed grain boundaries. The partially sealed grain boundaries form a network of subsurface crevices that can serve as niche environments. Untreated surfaces of 304 2B mill finish have been shown to support growth in these niche environments, whose grain boundary network leads to proliferation of a microorganism across the surface of a material [33] In addition, stainless steel can undergo additional processing to refine the surface finish. This is most common with the 2B finish, which is unpolished after initial fabrication:
Sandblasting or beadblasting a 2B surface often leads to cratered or pitted surfaces, whose diameter varies with the bead blast diameter. Like the untreated 2B finish, steel ball and glass beaded steel (70-100 μm) were less resistant to bacterial adhesion compared to electropolished surfaces [35] , [36] . For SS 304, with 2B mill finish, processed with different surface treatments afterwards, it was observed that electropolished surfaces were the most resistant to bacterial attachment with few cells are seen via either SEM or AFM and untreated 304 with 2B finish was the least resistant, and thus,.most populated [37] . In between were sanded and sandblasted, giving rise to the following relationship: for most-to least-resistant: Electropolished >sanded > sandblasted > untreated Electropolished surfaces are near-featureless relative to the Figure 1 -The family tree of SS grades [31] size scale of most bacteria, averaging a roughness of less than 0.5 μm. Much like the microfabricated structures discussed early on in this paper, size matters. Dimensions of most spores and bacteria are larger than 0.5 μm, so surface chemistry and the presence of appendages aside, a smoother surface should prove to be less hospitable to adhesion. 
Set by application
These size and geometric scale details are important, since it may be possible to select a removal method that takes advantage of alignment (e.g. wiping direction) or relative size scale (e.g. dialing in an appropriate particle size for CO 2 snow cleaning).
Since surfaces are not static, roughness has not always been shown to be the limiting factor for adhesion and biofilm formation. For this reason, any design process should factor in the duration of use and duration of exposure in a given environment [40] . Aluminum-Like stainless steel, aluminum has a range of alloys, with various alloying elements and a standard nomenclature that reflects compositional variations. The properties of a given aluminum alloy can be enhanced by heat or by cold-rolling, labeled as heat-treatable or non-heat treatable, respectively.
There have been limited investigations of the use of aluminum for biological, medical and dental applications, since aluminum has been observed to be unsupportive of biological activity. [41] Since Al-6061 is commonly used in spaceflight applications, there are a few relevant references for planetary protection that we can cite here. The use of aluminum for spaceflight materials in a harsh environment is exemplified by the materials selection choices made for wheels on the family of Mars rovers. In the MER-class of rovers, aluminum was coated with a MIL-SPEC 5541F iridite coating. Studies of B. subtilis spores in a Marsrelevant environment show that the hydrophobic surface produced by the iridite coating may be capable of sustaining a community of B.subtilis, as clusters or aggregates on rover wheels [43] , which can impart self-protection against the short penetration depth of UV radiation on the Martian surface. This has been shown for the Bacillus family as it relates to concerns biosafety on Earth [44] . Titanium-The behavior of titanium, titanium nitride (TiN) and titanium dioxide have shown contradicting results with regards to the degree of microbial adhesion. The most common titanium used for spaceflight applications, Ti 6AL-4V, has shown that when inoculated with B.subtilis spores, efforts to clean Ti are not successful when the surface is cleaned with isopropyl alcohol or with water. In particular, when a particular method of cleaning is used, the solution breaks spores open and serves as a culturing medium for B. Subtils spores. [45] . It is this author's belief that additional work examining the surface roughness and the compositional variation, given the co-existence of metallic Ti, and non-metallic anatase and rutile TiO 2 on most Ti surfaces, unless specific controls are in place, leads to such a variation.
Silver-Silver has been shown to be an antibacterial element that has been in sustained use in the medical field topically and as a coating since 4000 BC, as a way to the minimize the number vegetative cells able to adhere to a surface. [46] . When it comes to spores, silver surfaces of a wide range of roughnesses have not shown any effect [47] .
Copper-Copper has microorganism-dependent responses. In many microbial populations, copper is seen to inhibit growth rates, independent of finish [48] , [49] , [50] . In bacterial populations, it has been also seen to increase population growth rates [51] . When alloyed, increased copper concentrations have been shown to correlate with increased antimicrobial activity. [52] . While the use of copper in spaceflight applications may seem to be a panacea for planetary protection, its efficacy is only as good as the ability to maintain cleanliness [53] .
Gold-Gold is often viewed as a non-reactive, inert metal. Unlike it's other precious metal counterpart, silver, gold is non-toxic to terrestrial microbes [54] .
In the end, materials selection with a planetary protection mindset is similar to the concerns that arise in other environmental considerations taken into account (for example, launch loads or thermal loads). In this case, planetary protection is concerned with minimizing the impact of microbial loads appropriate to the requirements of the mission.
THEY ATE US OUT OF HOUSE AND HOME: MICROBIALLY-INDUCED CORROSION
Unlike particles, microbes are able to consume and metabolise materials that they are in contact with, transforming them chemically, leading to damage to that material's surface. This is known as microbially induced corrosion. Discovered in 1934 [55] , microbially induced corrosion is common in a wide variety of metals, including aluminum and stainless steel, in aqueous and non-aqueous environments, including jet fuel and for both aerobic and anaerobic bacteria [56] , [57] , [58] . It typically results from a galvanic difference between a surface and a microorganism that results in the microorganism using the charge differential to facilitate a metabolic process [59] . For example, among the more common are microbes capable of reducing iron-, sulfur-, perchlorate-and nitrate-bearing components in the substrate or fluid medium [60] . This has been taken advantage of in the waste processing industry, particularly with perchlorate-reducing species [61] , [62] , [63] .
Among the best examples of microbially-induced corrosion is the interaction of stainless steel of various grades with anaerobic sulfur reducing bacteria (SRB) [64] . The metabolism of an SRB is able to take in sulfate in stainless steel and reduce it to sulfide. In situations where there is hydrogen produced by an alternate process, the source of extra protons further promotes the growth of SRBs, further driving the corrosion process [65] . When both SRBs and iron-reducing bacteria are present, there is a synergistic effect, driving up corrosion rates compared to SRBs or ironreducing bacteria alone, even with comparable population sizes. [66] , [67] , [68] . In addition to iron and sulfur, welded portions of stainless steel can be particularly enticing to certain organisms-it has been observed that for 304L stainless steel, corrosion can proceed by manganese oxidizing organisms [69] , [70] ; [71] .
Materials selection for long-term sample storage and handling (where long-term is understood for Earth-based systems to mean 90 days or more) needs to account for the potential for microbially induced corrosion. From a practical standpoint, this would mean that engineering, science and planetary protection team members would have to work together to assess the relative risk associated with materials selection for a storage container weighed against the currently understood metabolic behaviors of extant life forms (terrestrial or otherwise). A good example can be found in some of the current hypotheses of Martian habitability, which also involve the potential Martian microorganisms capable of metabolizing iron-or sulfurbearing components [72] , [73] ; [74] . A summary of the periodic table and the metabolic behavior of various microbes when exposed to those elements can be found here [75] .
In general, the corrosion rates of SRBs on stainless steel range from 0.2-0.7 mm /year [76] . Over a 10 year timespan, assuming a constant rate of metabolism, would result in a 2-7 mm loss of stainless steel. This doesn't account for other microbially-induced corrosion mechanisms or for the fact that sulfide is known to accelerate crack growth rates in stainless steel, even at trace concentrations. Such a loss could result in mechanical and structural changes to a sample tube or container as it awaits its return to earth. Could it be that in making materials choices that are not inclusive of the risk associated with microbe metabolism, that any sample, if not adequately protected, could literally eat itself out of its house and home?
BLOW THIS HOUSE DOWN: FACTORING IN SIZE SCALES WHEN SELECTING CLEANING METHODS
From a practical implementation point of view, knowing both the shape and spacing of surfaces in hardware will influence removal efficiency. For example, for isopropyl alcohol wiping, it is important to consider the direction of wiping and size scale of features on a wipe relative to surface finish. When using other physical removal techniques, particle size for the cleaning method should be considered relative to the size of surface features. For example, CO 2 snow cleans based on high-pressure particulates, for which the size scale ranges from 1-100 um, depending on thermal and flow conditions, that can be dynamically changed during cleaning operations [77] . Given this, specific cleaning methods should be selected to match the size scales specific to microscale features on the physical (as well as chemical) size scales so as to optimize removal efficiency. One can huff and puff at any surface, but if the size and force scales are not factored in, the degree to which a given house may be blown down will vary.
SUMMARY
In the food processing, dairy and water quality industries, all of the above-discussed factors are carefully considered during the hardware design process. This greatly facilitates maintenance of sterile conditions and minimizes crosscontamination. In any environment involving food there is water, which provides one aspect of environmental support for microbial growth. One may look at how spaceflight hardware is assembled, and wave away the relevance of the above material based on the gleam of cleanrooms and the lack of obvious water sources or microbial contributions, but the many demonstrations of microbial population thriving in cleanrooms should discourage such naiveté.
It is important to note that the majority of spaceflight hardware cleanrooms control for particulates, rather than for organics or microbes, unless special measures are taken and that there is life beyond the piece part assembly that happens in cleanrooms. Sources of moisture and crosscontamination from external sources of microbes (e.g., cleanroom engineers) are present during standard integration and test -thermal vacuum and mechanical vibration testing campaigns, Assembly, Test and Launch Opertations (ATLO) environments and during the launch, cruise, and operational phases of a mission. In these environments, the local atmosphere may not be fully controlled unless specific precautions are taken (for example, during launch, lmicrobial contributions can arise from handling of fairing material or from Environmental Control System (ECS) ducting providing environmental control of air, temperature, and humidity to the spacecraft when mounted to the launch vehicle. During cruise, warming of pressurized enclosures by an Radiothermal Generator (RTG) or insulation during cruise and operations) can provide circulation, humidity and an appropriate temperature. In the above examples, local environment can be sufficient to support growth.
